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Abstract 

Background: Cardiovascular-MR (CMR) is tlie gold standard for quantifying nnyocardial infarction using late 
gadoliniunn enhancennent (LGE) technique. Both 2D- and 3D-LGE-sequences are used in clinical practise and in 
clinical and experimental studies for infarct quantification. Therefore the aim of this study was to investigate if 
image acquisitions with 2D- and 3D-LGE show the same infarct size in patients and ex vivo. 

Methods: Twenty-six patients with previous myocardial infarction who underwent a CMR scan were included. 
Images were acquired 10-20 minutes after an injection of 0.2 mmol/kg gadolinium-based contrast agent. Two 
LGE-sequences, 3D-inversion recovery (IR) and 2D-phase-sensitive (PS) IR, were used in all patients to quantify 
infarction size. Furthermore, six pigs with reperfused infarction in the left anterior descending artery (40 minutes 
occlusion and 4 hours of reperfusion) were scanned with 2D- and 3D-LGE ex vivo. A high resolution Tl -sequence 
was used as reference for the infarct quantification ex vivo. Spearman's rank-order correlation, Wilcoxon matched 
pairs test and bias according to Bland-Altman was used for comparison of infarct size with different LGE-sequences. 

Results: There was no significant difference between the 2D- and 3D-LGE sequence in left ventricular mass (LVM) 
(2D: 1 1 5 ± 25 g; 3D: 1 1 7 ± 24 g: p = 0.35). Infarct size in vivo using 2D- and 3D-LGE showed high correlation and low 
bias for both LGE-sequences both in absolute volume of infarct (r = 0.97, bias 0.47 ± 2.1 ml) and infarct size as part of 
LVM (r = 0.94, bias 0.1 6 ± 2.0%). The 2D- and 3D-LGE-sequences ex vivo correlated well (r = 0.93, bias 0.67 ± 2.4%) for 
infarct size as part of the LVM. The IR LGE-sequences overestimated infarct size as part of the LVM ex vivo compared 
to the high resolution Tl -sequence (bias 6.7 ± 3.0%, 7.3 ± 2.7% for 2D-PSIR and 3D-IR respectively, p < 0.05 for both). 

Conclusions: Infarct quantification with 2D- and 3D-LGE gives similar results in vivo with a very low bias. 
IR LGE-sequences optimized for in vivo use yield an overestimation of infarct size when used ex vivo. 



Background 

Cardiac magnetic resonance (CMR) using late gadolinium 
enhancement (LGE) is the gold standard to assess myo- 
cardial viability in patients with ischemic heart disease. 
In LGE, infarcted myocardium yields a higher signal 
intensity compared to normal myocardium after the 
administration of an intravenous contrast agent [1-3]. 
Accurate quantitative assessment of the extent of scarring 
can guide treatment and is a strong predictive indicator 
for long term prognosis and restoration of contractile 
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function following revascularisation therapy [4,5]. CMR 
can evaluate myocardial infarction in both the acute 
and chronic phase and it is superior to other imaging 
modalities in its higher spatial resolution and high contrast 
between infarcted tissue and viable myocardium [6,7]. 
The reference standard for clinical LGE-CMR imaging 
has been the breath-hold two-dimensional inversion 
recovery (2D-IR) gradient echo (GRE) sequence with 
magnitude reconstruction [8]. Images are acquired slice 
by slice with the need to manually adjust the inversion 
time (Tl) to optimally null the myocardium and require 
relative long acquisition times [8]. The problem of finding 
the right Tl can be solved by utilizing a phase- sensitive- 
inversion recovery (PSIR) sequence without the need to 
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precisely choose the right TI to null the myocardium 
but instead using a fixed TI across the scanning range 
[9]. Infarct quantification using a 2D-IR sequence shows 
good agreement compared to a 2D-PSIR sequence [9]. 
Because the 2D-LGE sequences requires a relative long 
acquisition time a three-dimensional inversion recovery 
(3D-IR) GRE sequence has been developed to shorten 
the scanning time with multiple slices being acquired in a 
single breathold [10]. Both 2D- and 3D-LGE-sequences are 
used in clinical practice and in clinical and experimental 
studies for infarct quantification both in vivo and ex vivo. 
Previous studies compared infarct quantification with 
different 2D-IR and 3D-IR sequences and showed good 
agreement both in patients [11,12] and in vivo in animals 
[10,12]. However, 3D-IR has not been validated against 
2D-PSIR in patients nor compared to a high resolution 
TI weighted (Tlw) reference sequence ex vivo. Therefore 
the aim of this study was 1) to investigate the agreement 
between 2D-PSIR and a 3D-IR for measurement of infarct 
size in patients and 2) to compare 2D-PSIR and 3D-IR 
with a reference high resolution Tlw sequence in an 
experimental infarct model. 

Methods 

Ethics 

The study conforms to the Guide for the Care and Use 
of Laboratory animals US National Institute of Health 
(NIH Publication No. 85-23, revised 1996) and was in 
compliance with the Helsinki Declaration. The study was 
approved by the Ethics Committee of Lund University, 
Lund, Sweden and patients have given informed consent. 

Study population 

Twenty-six patients (20 males and 6 females, age 62 ± 9 years 
and 57 ± 14 years) with a documented ST-elevation myo- 
cardial infarction (STEMI) treated with percutaneous 
coronary intervention (PCI) referred for viability assessment 
were prospectively included. A total of 19 patients had 
an acute myocardial infarction (CMR < 30 days after 
infarction) and 7 patients had a non-acute infarction 
(CMR >30 days after infarction) [12]. All patients 
underwent a CMR scan including two different LGE- 
sequences. 

Ex vivo 

For ex vivo imaging, a previously described pig model 
was used [13,14]. After overnight fasting with free access 
to water the animals were premedicated with ketamine 
15 mg/kg (Ketaminol, Intervet, Danderyd, Sweden) 
and xylazin 2 mg/kg intramuscularly (Rompun, Bayer 
AG, Leverkusen, Germany). Anesthesia was induced 
with thiopental 12.5 mg/kg (Pentothal, Abbot, Stockholm, 
Sweden) and infusion of fentanyl (Fentanyl, Pharmalink 
AB, Stockholm, Sweden). Six pigs weighing 30-40 kg 



underwent 40 minutes of occlusion of the left anterior 
descending artery (LAD) using a balloon-tipped catheter, 
followed by 4 hours of reperfusion. Thirty minutes before 
explantation of the heart, a single dose of MRI contrast 
agent was intravenously administrated (0.2 mmol/kg 
Dotarem, Guerbet, Roissy, France). Following ex- 
plantation the hearts were suspended in a plastic con- 
tainer with the atria excised and filled with balloons 
containing deuterated water in the right and left ven- 
tricle for ex vivo imaging. 

MR-imaging 
Patients 

Imaging was performed at 1.5 T (Philips Achieva, Best, 
Netherlands) using a 32 channel coil. Cine imaging was 
performed in all patients. ECG-triggered LGE imaging 
was performed with both a 2D-PSIR and a 3D-IR GRE 
sequence acquired during mid diastole during end-expiratory 
breath-hold. Both magnitude and phase-sensitive images 
were acquired with the 2D-LGE sequence. Short-axis 
slices covering the entire left ventricle from base to 
apex and three different long-axis projections were 
collected. The 2D-LGE sequence was acquired slice by 
slice during breathold whereas the 3D-LGE sequence 
was acquired 5 slices per breathold, 10-20 minutes after 
intravenous administration of 0.2 mmol/kg gadolinium 
based MR contrast agent (Dotarem, Guerbet, Roissy, 
France). 2D-PSIR was acquired first in 10 patients, and 
3D-IR acquisition was performed first in 16 patients. 
No additional contrast was administered between imaging 
with the different LGE-sequences. Typical image parameters 
for the 3D-IR sequence were: echo time 1.3 ms, effective 
repetition time every heartbeat, flip angle 15°, slice gap 
0 mm, slice thickness 8 mm and inplane resolution 
1.5 X 1.5. For the 2D-PSIR sequence the typical image 
parameters were: echo time 4 ms, effective repetition 
time every second heartbeat, flip angle 25°, slice gap 
0 mm, slice thickness 8 mm and in-plane resolution 
1.4 X 1.4. The inversion time was chosen to optimally 
null the myocardium and was typically 280 ms for 3D-IR 
and between 300-350 ms for 2D-PSIR. 

Ex vivo 

Ex vivo imaging with 2D-PSIR, 3D-IR and a high reso- 
lution Tlw sequence was performed using a head coil 
covering the left ventricle from the base to the apex with 
the heart suspended in a plastic container. Acquisition 
with the Tlw sequence typically resulted in 200-220 
image slices per heart with a acquisition time of 30- 
40 minutes. Typical sequence parameters for the Tlw 
sequence were: echo time 3.2 ms, repetition time 20 ms, 
flip angle 70°, slice gap 0 mm, slice thickness 0.5 mm, 
inplane resolution 0.5 x 0.5 mm. The sequence parameters 
for the 2D-PSIR and 3D IR sequences were the same as in 
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patients using a simulated ECG with heart rate 60/min. 
The spatial resolution for 2D-PSIR was 0.6 x 0.6 x 4 mm 
and for 3D-IR 1x1x4 mm. 

Image analysis 

All MR images were evaluated by two blinded observers 
using the software Segment (Segment vl.9 R2823, http:// 
segment.heiberg.se) [15]. The left ventricular mass (LVM), 
in patients and ex vivo, was quantified on LGE-images 
and on high resolution Tlw images by delineating the 
endo- and epicardium. The delineation of the endocardium 
included papillary muscles and trabeculations as left 
ventricular volume. The infarcts on 2D- and 3D-LGE 
images in patients and ex vivo were quantified using a 
semi-automatic weighted algorithm with manual correc- 
tions as previously described [16]. Infarct transmurality 
was calculated for both sequences by assessing the radial 
extent of the infarction between the endocardial and 
epicardial borders of the myocardial wall around the 
circumference at 4.5° intervals of the short-axis LGE 
images [17]. The mean transmurality of the infarct in 
all slices with hyperenhancement was calculated. In the 
high resolution Tlw sequence scarred myocardium was 
quantified by manually drawing regions of interest (ROI) 
in both scarred and normal myocardium and using a 
threshold in signal intensity of 8 standard deviations (SD) 
to differentiate between normal and scarred myocardium 
[18]. Manual corrections were also applied when necessary 
for example in the setting of microvascular obstruction. 

Statistical analysis 

Calculations and statistics were performed using Graph 
Pad Prism 5.0 software (Graph Pad Software, Inc., La 
Jolla, CA, USA). Results are expressed as mean ± SD and 
Spearman's rank-order correlation, Wilcoxon matched 
pairs test and bias according to Bland- Altman was used for 
comparison of infarct size with different LGE-sequences in 
patients and ex vivo. Statistical significance was defined as 
results with a p < 0.05. 

Results 

Patient studies 

Three patients were excluded because of poor image 
quality due to breathing artefacts and inadequate nulling 
of the myocardium. A total of 23 patients were included 
in the study and all patients showed myocardial hyper- 
enhancement on both 2D- and 3D-LGE sequences. 

Figure 1 illustrates short axis MR images acquired in 
a representative patient with myocardial scarring with 
2D-LGE, both magnitude and phase-sensitive images, 
and 3D-IR. There was no significant difference in mean 
LVM between the 2D- and 3D-LGE sequence (2D-PSIR: 
115 ± 25 g: 3D-IR: 117 ± 24 g: p = 0.35). All patients were 
in sinus rhythm during imaging and the heart rates were 



similar for both acquisitions (2D-PSIR: 62 ± 2 beats/min; 
3D-IR 63 ± 2 beats/min, r = 0.97, bias = -0.08 ± 2.2, p = 0.85). 
Infarct size in vivo using 2D-PSIR and 3D-IR showed 
high correlation and low bias for both LGE-sequences 
(Figure 2) both in absolute volume of infarct (r = 0.97, bias 
0.47 ± 2.1 ml) and infarct size as part of the LVM (r = 0.94, 
bias 0.16 ± 2.0%). Interobserver variability for infarct 
volume was -0.78 ± 2.8 ml for 2D-PSIR and 0.95 ± 2.9 ml 
for 3D-IR. Mean infarct transmurality did not differ 
significantly between the two sequences (2D-PSIR: 
44.1 ± 2.6% and 3D-IR: 44.6 ± 2.4%, r =0.78, bias 0.52 ± 8.4, 
p = 0.77). Furthermore, there was good agreement of left 
ventricular volumes quantified on 2D-PSIR and 3D-IR 
(175 ± 15 ml versus 170 ± 15 ml respectively, r = 0.88, 
bias = 5.5 ± 21 ml, p = 0.23). The acquisition time was 
on average 225 seconds on 2D-PSIR and 45 seconds on 
3D-IR, p < 0.05. 

Animal studies 

Figure 3 illustrates representative short axis images ex vivo 
with corresponding epicardial, endocardial and scar 
delineations on 2D- and 3D-LGE and a high resolution 
Tlw sequence. The 2D-PSIR and 3D-IR sequences 
ex vivo correlated well (r = 0.93, bias 0.67 ± 2.4%) for 
infarct size as part of the LVM (Figure 4). The IR 
LGE-sequences overestimated infarct size as part of 
the LVM when used ex vivo compared to the high 
resolution Tl-sequence (bias 6.7 ± 3.0%, 7.3 ± 2.7% for 
2D-PSIR and 3D-IR respectively, p < 0.05 for both. 
Figure 4). 

Discussion 

This study has demonstrated that myocardial infarct 
quantification with a 2D-PSIR and a 3D-IR sequence 
show good agreement in patients with both acute and 
non-acute infarcts. This allows for the sequences to be 
used interchangeably in a clinical setting as well as for 
clinical studies using LGE-MR. The current study also 
demonstrates that in an experimental setting both the 
2D- and the 3D-LGE-sequence overestimate infarct size 
compared to a high resolution Tl weighted sequence 
ex vivo. 

Clinical 2D- vs 3D-LGE 

The use of the clinical standard for viability imaging, 
2D-IR-GRE, requires 10-16 slices each acquired over 14 
heartbeats to assess the entire left ventricle. The 2D 
image is acquired on every second heartbeat which 
enables the Mq signal to recover before a new IR-pulse 
is given and is therefore less sensitive to arrhythmias 
[1,8]. Imaging with 3D-LGE yield higher or similar signal- 
to-noise-ratio (SNR) and contrast-to-noise-ratio (CNR) 
compared to 2D-LGE [19,20]. Since the 3D-sequence 
triggers on every heartbeat it renders a shorter acquisition 



Jablonowski et at. BMC Cardiovascular Disorders 2013, 13:1 10 
http://www.bionnedcentral.conn/1471 -2261 /1 3/1 1 0 



Page 4 of 8 





10 20 

3D-IR (ml scar) 



40 



10 20 30 

Average (ml scar) 

Figure 2 Patient infarct quantification. Agreement between 2D-PSIR and 3D-IR in absolute infarct volume in patients. (A) 2D-PSIR versus 3D-IR 
(r =0.97) and the line of identity (B) The limits of agreement between the two LGE-techniques. The difference between the two methods was 
0.47 ±2.1 ml scar. Solid line = mean difference; dashed lines = ± 2 SD. 
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Figure 3 Ex vivo imaging. Ex vivo short axis images in a representative pig lieart from base (top) to apex (bottom). Left column sliows liigli 
resolution Tl weighted images, middle column shows 2D-PSIR images and right column show 3D-IR images. The green line denotes the 
epicardial border and the red line denotes the endocardial border. The infarct is delineated in yellow. Note the difference in infarct size between 
the Tl w-sequence and the IR-LGE sequences as showed by the white arrows in the top two rows. 



time and it requires fewer breatholds for the patient but 
varying R-R intervals and arrhythmias cause decreased 
image quality. Previous studies comparing infarct size in 
patients have shown good agreement between different 
2D- and 3D-LGE sequences, both using a semiautomatic 
algorithm for LGE-quantification [12] and visual assess- 



ment [21-23]. Dewey et al compared a 2D-IR and a single 
breathold 3D IR sequence in 13 patients and found 
good agreement between quantified infarct volumes (bias 
0.3 cm^ ± 3.1) similar to what we found in the current 
study [10]. Peukert et al [11] compared infarct quantifica- 
tion on 3D IR FLASH and 2D-IR FLASH in patients 
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Tl w (% scar of LVM) 2D-PSIR (% scar of LVM) 

Figure 4 Ex vivo infarct quantification. (A) Agreement between the high resolution Tl weighted sequence compared to 2D-PSIR and 3D-IR 
ex vivo. The bias was 6.7 ± 3.0% for 2D-PSIR sequence and 7.3 ± 2.7% for the 3D-IR sequence (p < 0.05 for both). (B) Agreement between the 
2D-PSIR and 3D-IR sequence ex vivo. Each blacl< triangle represents one pig. The bias was 0.67 ± 2.4% and r = 0.93. Solid line = line of identity in 
both panel A and B. 



demonstrating good agreement and correlation (-0.1 ± 
2.1 ml infarct, r =0.98). Furthermore, Goetti et al [12] 
compared 2D- and 3D-IR GRE in patients with both acute, 
sub-acute and chronic infarction and found good agree- 
ment in all three groups with a mean difference of 0.26 g 
infarct ± 2.88. In the current study 2D-PSIR GRE was 
compared to 3D-IR GRE in patients with acute and 
chronic myocardial infarction demonstrating good agree- 
ment and correlation (0.47 ±2.1 ml infarct, r = 0.97) in 
line with previous studies comparing 3D-LGE to conven- 
tional 2D-IR GRE. 

We used left ventricular mass on LGE-CMR to express 
infarct size as percentage of LVM and LVM on 2D-PSIR 
and 3D-IR agreed well. Stephensen et al showed [24] that 
quantification of LVM on steady state free precession 
(SSFP) images will yield a slightly higher LVM (bias: 
5.0 ± 6.7 g) compared with quantification on LGE-CMR. 

Ex vivo infarct quantification 

Previous studies have shown good agreement between 
in vivo quantification of myocardial infarction on 2D and 
3D-LGE in pigs [10,11]. Furthermore, the studies showed 
good agreement with histochemical TTC in infarct 
transmurality and volume quantification using visual 
assessment [10,11]. In the current study, we compared 
2D- PSIR and 3D-IR imaging ex vivo with a high reso- 
lution Tlw sequence. The high resolution Tlw sequence 
used in our study has been validated to histopathology 
staining with TTC [2] and has the advantage of imaging 
enhancement in the same position and with the same 
image analysis software. In our study, we found an over- 
estimation of infarct volume with both 2D- and 3D LGE 
compared to the reference standard, the high resolution 
Tlw sequence. This difference from previous studies 



can possibly be attributed to that we used an objective 
semi-automatic method for infarct quantification. The 
method for automatic quantification of ex vivo high reso- 
lution imaging using a threshold of 8 SD has been validated 
by Heiberg et al [18]. The authors demonstrated that 7-9 
SD provided similar results but lower SD:s overestimated 
infarct size compared to manual delineations by experts. 
Based on the result from the current study clinical IR-LGE 
sequences optimized for in vivo use should not be used in 
the ex vivo setting. 

Implications for multicenter studies 

In clinical multicenter trials where infarct quantification 
is performed following revascularization or other therapies, 
the assessment of myocardial salvage is a predictor of 
therapy outcome [25,26]. Myocardial salvage is defined 
as how much of the myocardium at risk is saved following 
revascularization therapies compared to final infarct size 
[27]. CMR can depict the myocardium at risk, using either 
T2-imaging or contrast- enhanced SSFP (CE-SSFP), with 
the same accuracy as single photon emission computed 
tomography [25,26]. This enables CMR to assess myocar- 
dial salvage during one examination. In multicenter trials 
the equipment and used techniques should be as similar 
as possible. However, having the same MR scanner as a 
prerequisite would exclude many potential centers. The 
implication of this study is that infarct size quantification 
on LGE-MRI using two different sequences, 2D PSIR 
and 3D IR, can be pooled together. This study does not 
address the question of using different scanners for LGE 
imaging. However the study supports that 2D-PSIR GRE 
or 3D-IR GRE can be used interchangeably on the current 
scanner used (Philips Achieva 1.5 T) and possibly on other 
scanners in order to enroll larger patient cohorts. 
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Limitations 

The order of the acquisitions was not randomized but 
in a subset of patients 2D-LGE imaging was performed 
before 3D-LGE and vice versa. However, the images are 
comparable regarding hyperenhancement since it has 
been shown that normal myocardium is in equilibrium 
with the blood pool only minutes after contrast bolus 
administration and remains constant up to 25 minutes [28]. 
In the experimental setting we did not perform histopatho- 
logical staining to compare with the IR-LGE and Tlw 
sequences but the high resolution Tlw sequence has been 
validated against TTC for infarct size quantification [2]. 

Conclusions 

In summary, infarct quantification with 2D PSIR- and 
3D-IR provides similar results in vivo with a low bias 
and the two sequences can be used interchangeably. IR 
LGE-sequences optimized for in vivo use yield an over- 
estimation of infarct size ex vivo. 
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